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The Kinase Activity of Aurora B
Is Required for Kinetochore-Microtubule
Interactions during Mitosis
chromosomal congression, we monitored the move-
ment of individual centromeres in cells expressing a high
level of aurora B(K-R)-GFP or control cells expressing a
similar level of wild-type aurora B-GFP (Figure 1B). Both
aurora B-GFP and aurora B(K-R)-GFP were localized at
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centromeres and spindle poles [6] and to a less extent
along chromosomal arms (see Figures 3A and 3D).Summary
In control cells, the centromeres of neighboring chro-
mosomes moved independently of each other at an av-As a component of the “chromosomal passenger pro-
erage rate of 1.8  1.2 m/min (mean  SD, n  22),tein complex,” the aurora B kinase is associated with
with frequent changes in direction (Figure 1B, left). Theycentromeres during prometaphase and with midzone
eventually accumulated at the metaphase plate20 minmicrotubules during anaphase and is required for both
after nuclear envelope breakdown (19/19, Figures 1Aa–mitosis and cytokinesis [1–6]. Ablation of aurora B
1Ad; Supplementary Movie 1 available with this articlecauses defects in both prometaphase chromosomal
online). In contrast, in cells expressing aurora B(K-R)-congression and the spindle checkpoint [4–6]; how-
GFP, centromeres of neighboring chromosomes movedever, the mechanisms underlying these defects are
synchronously at an average rate of 1.3  0.9 m/minunclear. To address this question, we have examined
(mean  SD, n  22) (Figure 1B, right). The movementchromosomal movement, spindle organization, and
also showed a higher degree of persistence in directionmicrotubule motor distribution in NRK cells trans-
than did the movement of control centromeres. Further-fected with a kinase-inactive, dominant-negative mu-
more, instead of congressing into a metaphase platetant of aurora B, aurora B(K-R) [6–8]. In cells overex-
perpendicular to the spindle axis, chromosomes be-pressing aurora B(K-R) fused with GFP, centromeres
came segregated into two elongated clusters that liemoved in a synchronized and predominantly unidirec-
along the sides of the spindle axis (10/10, Figures 1Ae–tional manner, as opposed to the independent, bidirec-
1Ah; Supplementary Movie 2).tional movement in control cells expressing a similar
From the defective chromosomal movement and pe-level of wild-type aurora B-GFP. In addition, most ki-
culiar chromosomal distribution, we surmised that au-netochores became physically separated from spindle
rora B(K-R) might affect the organization of spindle mi-microtubules, which appeared as a striking bundle
crotubules and/or the interactions of kinetochores withbetween the spindle poles. These defects were associ-
microtubules. Microtubule organization was visualizedated with a microtubule-dependent depletion of motor
by microinjecting transfected cells with rhodamine-proteins dynein and CENP-E from kinetochores. Our
labeled tubulin (Figure 2A; Supplementary Movies 3 andobservations suggest that aurora B regulates the as-
4) and by immunofluorescence and 3D image recon-sociation of motor proteins with kinetochores during
struction (Figure 2B). In control prometaphase cells ex-prometaphase. Interactions of kinetochore motors
pressing wild-type aurora B-GFP (Figure 2A), microtu-with microtubules may in turn regulate the organiza-
bules formed multiple, discrete kinetochore bundles thattion of microtubules, the movement of prometaphase
terminated near centromeres (5/5) (Figures 2Aa–2Ac;chromosomes, and the release of the spindle check-
Figure 2B, left; Supplemental Movie 3). Strikingly, cellspoint.
expressing aurora B(K-R)-GFP formed a single microtu-
bule bundle between the two spindle poles, with a clus-
Results and Discussion ter of chromosomes lying on each side (8/9) (Figures
2Ad–2Af; Figure 2B, right; Supplemental Movie 4). Most
A kinase-inactive mutant of aurora B and its GFP-fused centromeres remained separated from microtubules.
form, referred to as aurora B(K-R) and aurora B(K-R)- These results suggest that the kinase activity of aurora B
GFP, respectively, were previously found to function is required for establishing or maintaining microtubule-
as dominant-negative inhibitors of endogenous aurora B kinetochore associations.
[6–8]. At a low level of expression, as judged by the inten- To address the possibility that aurora B might affect
sity of GFP, some of the chromosomes failed to congress the kinetochore localization of motor proteins, which
or congressed very slowly into the metaphase plate have been suggested to play a role in proper spindle
(data not shown). Over 60% (5/8) of these cells showed organization [9–12], prometaphase chromosomal con-
subsequent defects in anaphase chromosomal segrega- gression [11, 13–16], and the spindle checkpoint [11,
tion [6]. At high levels of expression, aurora B(K-R)-GFP 12, 17–20], we examined the distribution of two ki-
induced a strong inhibitory effect on prometaphase netochore-associated motors: cytoplasmic dynein and
chromosomal congression (Figure 1A). However, these CENP-E. In control cells, dynein was found at kineto-
cells were able to exit mitosis by forming a nuclear enve- chores during prometaphase and along astral microtu-
lope around miscongressed chromosomes [6]. bules during metaphase [10, 21–23] (Figures 3A and
To understand the mechanism of the disruption of 3A). In contrast, aurora-B(K-R)-GFP-transfected cells
showed a diminished level of dynein at prometaphase
kinetochores (Figures 3B and 3B) and prominent local-1Correspondence: yuli.wang@umassmed.edu
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Figure 1. Effects of Kinase-Inactive Aurora B
on Prometaphase Chromosomal Movements
(A) Aurora B-GFP (Aa–Ad) or aurora B(K-R)-
GFP (Ae–Ah), transiently expressed in NRK
cells, are localized at centromeres and serve
also as markers for tracking the movement
of chromosomes. In cells expressing aurora
B-GFP (Aa–Ad), prometaphase chromosomes
congress normally into the metaphase plate
between the two spindle poles (arrows). In
cells expressing aurora B(K-R)-GFP (Ae–Ah),
chromosome movements are defective, and
chromosomes fail to congress into a meta-
phase plate. They instead form two elongated
clusters along the spindle axis as defined by
the two spindle poles (arrows). Time in min-
utes is indicated above the images. Scale bar,
10 m.
(B) Traces of the movement of centromeres
of two representative neighboring chromo-
somes during late prometaphase, in cells ex-
pressing either aurora B-GFP (left) or aurora
B(K-R)-GFP (right). Arrows indicate the direc-
tion of the movement. Asterisks indicate the
position of the center of the spindle. The spin-
dle axis is oriented along the north-south di-
rection. Centromeres in control cells move
independently of each other, with a highly
variable speed and direction (left), whereas
centromeres containing aurora B(K-R)-GFP
move in a more coordinated fashion (right).
ization of dynein along the microtubule bundle that lies from kinetochores as soon as they were in contact with
microtubules (Figure 4), whereas in control cells theybetween the spindle poles (Figures 3B and 3B). Staining
of CENP-E, a kinesin-like motor, showed localization at were released only following chromosomal congression.
As dynein contributes to the poleward movement of thekinetochores and spindle poles in control prometaphase
cells as reported previously [24–27] (Figures 3D and chromosomes while CENP-E may be involved in the
attachment of chromosomes to microtubules [29, 30],3D). In aurora B(K-R)-GFP-transfected cells (Figures
3E and 3E), CENP-E showed reduced localization at loss of these motor proteins may account for the defects
in chromosomal movements and kinetochore-microtu-kinetochores, although the localization at spindle poles
appeared unaffected. bule interactions. The residual, synchronized chromo-
somal movements, without kinetochore fibers, wereTo determine if the association/dissociation of dynein
and CENP-E with kinetochores was dependent on mi- likely dragged by the “polar ejection forces” on chromo-
some arms [31–33], which sweep the chromosomes intocrotubules, we treated aurora B(K-R)-GFP-transfected
cells with 20 M nocodazole for 4 hr before staining elongated clusters along the spindle axis. In addition,
without the attachment to kinetochores, the microtubulefor motor proteins. Both dynein and CENP-E became
prominently associated with kinetochores following no- bundling activity responsible for the formation of kineto-
chore fibers would induce the formation of a single mi-codazole treatment (Figures 3C, 3C, 3F, and 3F), sug-
gesting that microtubules were required not for the as- crotubule bundle between the spindle poles.
We have recently found that a spindle checkpointsociation of these motors with kinetochores but for their
dissociation in cells overexpressing aurora B(K-R)-GFP. protein, Mad2, was released prematurely from the kinet-
ochores in cells overexpressing aurora B(K-R) [6] butA similar microtubule-dependent mechanism was sug-
gested for the dissociation of dynein from kinetochores remained on the kinetochores after nocodazole treat-
ment (our unpublished data). Furthermore, in buddingfollowing normal chromosomal congression [28]. In ad-
dition, our observations suggest that aurora B(K-R) did yeast, aurora kinase homolog Ipl1p appeared to function
in monitoring forces at kinetochores for the spindlenot inhibit the association of motor molecules with kinet-
ochores but promoted their dissociation upon contact checkpoint control [34]. As dynein is involved in the
localization of Mad2 [19], defects in dynein localizationwith microtubules.
We propose that a substrate of the aurora B kinase, could easily explain the defects in spindle checkpoint in
cells overexpressing aurora B(K-R). The present results,which may be an adaptor protein or motor proteins
themselves, is required for the stable association of dy- together with our recent observations that the kinase
activity of aurora B is required for maintaining the asso-nein and CENP-E at kinetochores. In the absence of the
kinase activity, these motors were released prematurely ciation of chromosomal passenger proteins at the spin-
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Figure 2. Separation of Kinetochores from
Microtubule Bundles in Cells Expressing Ki-
nase-Inactive Aurora B
(A) NRK cells transiently expressing aurora
B-GFP (Aa–Ac) or aurora B(K-R)-GFP (Ad–Af)
were microinjected with rhodamine-labeled
tubulin at prometaphase. Cells expressing
aurora B-GFP show well-organized kineto-
chore fibers (Ab), while those expressing au-
rora B(K-R)-GFP show a single microtubule
bundle that extends between the spindle
poles with chromosomes lying along the
sides (Ae). Scale bar, 10 m.
(B) NRK cells transiently expressing aurora
B-GFP (Ba) or aurora B(K-R)-GFP (Bb) were
fixed and stained with anti--tubulin antibod-
ies. 3D reconstruction of microtubules and
centromeres indicate that most centromeres
(red dots) are separated from microtubules
in aurora B(K-R)-GFP cells. Scale bar, 10 m.
each centromere in the 3D space. Normal views of the stack weredle midzone during telophase [6], suggest that the pri-
then constructed with a maximum-intensity projection algorithm.mary functions of aurora B may be to regulate the
anchorage of microtubule motors at specific target sites
Transfection and Microinjection
during various stages of mitosis and cytokinesis. Both aurora B-GFP and aurora B(K-R)-GFP were constructed as
described previously [6]. NRK cells were plated at a density of 5 
104 cells/ml on a coverslip chamber dish and incubated for 18–24Experimental Procedures
hr. Immediately before transfection, the cells were rinsed once in
serum-free F12K or Opti-MEM I medium (Life Technologies, Rock-Cell Culture, Microscopy, and Image Processing
ville, MD). The cells were transfected with the DNA construct (2 g)Normal Rat Kidney epithelial cells (NRK-52E; American Type Culture
using LipofectAMINE according to manufacturer’s instructions (LifeCollection, Rockville, MD) were cultured in Kaighn’s modified F12
Technologies, Rockville, MD). After 4 hr incubation, the medium(F12K) medium supplemented with 10% FBS (JRH Bioscience, Len-
containing DNA-LipofectAMINE was replaced with the F12K me-exa, KS), 1 mM L-glutamine, 50 U/ml penicillin, and 50g/ml strepto-
dium containing 10% FBS, and the cells were cultured for an addi-mycin. Cells were maintained at 37C in a stage incubator built on
tional 14–18 hr.top of an Axiovert S100TV inverted microscope (Carl Zeiss,
Tubulin was prepared and labeled with 5- (and 6-) carboxytetra-Thornwood, NY) and viewed with a 100, NA 1.30 Fluar objective
methylrhodamine (TAMRA; Molecular Probes, Eugene, OR) as de-lens. All images were acquired with a cooled charge-coupled device
scribed previously [35, 36]. Microinjection was performed using acamera (ST133 controller and CCD57 chip; Roper Scientific, Treton,
low-pressure, continuous-flow method with custom drawn glassNJ) and processed with custom software for background subtrac-
needles and a custom-designed pressure control system as de-tion. To track centromere movement, the images of aurora B-GFP
scribed previously [35–37].or aurora B(K-R)-GFP were acquired every 15 s during prometa-
phase, and coordinates of the spindle poles and several centro-
meres were determined frame by frame using a custom interactive Drug Treatment and Immunofluorescence
Nocodazole (Sigma, St. Louis, MO) was stored at 20 C as 103program. The center of the spindle was calculated as the midpoint
between the two spindle poles. Before plotting, normalized positions x stocks in DMSO and diluted into pre-warmed medium before
application to cells. Immunofluorescence staining of microtubulesof the centromeres were calculated by treating the center of the
spindle as the stationary origin and rotating the images such that was performed essentially as described previously [35]. For dynein
and CENP-E staining, cells were rinsed with PHEM buffer (60 mMthe spindle axis lies along the north-south direction. For 3D recon-
struction, stacks of wide-field images were collected at a vertical Pipes, 25 mM HEPES, 10 mM EGTA, and 4 mM MgSO4 [pH 6.9]),
then lysed for 5 min in 0.5% Triton X-100 in PHEM buffer and fixedinterval of 0.25 m. Microtubule images were processed with cus-
tom pattern-recognition software that enhances linear structures. with 4% formaldehyde in PHEM buffer for 20 min. Fixed cells were
rinsed with PBST (PBS with 0.05% Tween 20), blocked for 45 minAurora B images were processed manually for the determination of
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Figure 3. Premature Dissociation of Cytoplasmic Dynein and CENP-E from Kinetochores in Cells Expressing Kinase-Inactive Aurora B
Immunofluorescence shows little cytoplasmic dynein (B) and CENP-E (E) staining at kinetochores in prometaphase cells expressing aurora
B(K-R)-GFP (B, B, E, and E), while control cells expressing aurora B-GFP show dynein (A) and CENP-E (D) staining at a number of
kinetochores (A, A, D, and D). Treatment with nocodazole causes the association of both dynein (C) and CENP-E (F) at kinetochores in
cells expressing aurora B(K-R)-GFP (C, C, F, and F). Scale bar, 10 m.
with 2.5% BSA in PBS, and incubated with rabbit anti-dynein poly- bodies (gift of Dr. T. Yen, Fox Chase Cancer Center) at a dilution of
1:500 for 45 min at room temperature or overnight at 4C. Afterclonal antibodies (gift of Dr. R. Vallee, Columbia University) at a
dilution of 1:750 in BSA/PBS, or rabbit anti-CENP-E polyclonal anti- washing with PBST, cells were incubated with Alexa 546-conjugated
Figure 4. A Simplified Model of the Function
of Aurora B during Prometaphase
In control cells, kinetochore-associated dy-
nein and CENP-E contribute to the movement
of prometaphase chromosomes, the attach-
ment of kinetochores to microtubules, and
the spindle checkpoint. They are released
from kinetochores only following chromo-
somal congression. Deactivation of aurora B
causes premature dissociation of these mo-
tors from kinetochores and leads to separa-
tion of chromosomes from microtubules and
release of the spindle checkpoint. The lack
of kinetochore association also causes mi-




goat anti-rabbit antibodies (Molecular Probes) for 45 min at room the transport of the Rough deal checkpoint protein. Nat. Cell
Biol. 3, 1001–1007.temperature. Before observation, cells were rinsed with PBST and
mounted in an anti-bleaching medium [35]. 13. Schaar, B.T., Chan, G.K.T., Maddox, P., Salmon, E.D., and Yen,
T.J. (1997). CENP-E function at kinetochores is essential for
chromosome alignment. J. Cell Biol. 139, 1373–1382.Supplementary Material
14. Wood, K.W., Sakowicz, R., Goldstein, L.S.B., and Cleveland,Time-lapse movies of the images in Figures 1A and 2A can be found
D.W. (1997). CENP-E is a plus end-directed kinetochore motorat http://images.cellpress.com/supmat/supmatin.htm. These supple-
required for metaphase chromosome alignment. Cell 91,mentary movies show the movements of centromeres (Movies 1 and
357–366.2) and the dynamics of kinetochore microtubules (Movies 3 and 4)
15. Sharp, D.J., Rogers, G.C., and Scholey, J.M. (2000). Cytoplasmicin mitotic cells expressing aurora B-GFP or aurora B(K-R)-GFP.
dynein is required for poleward chromosome movement during
mitosis in Drosophila embryos. Nat. Cell Biol. 2, 922–930.Acknowledgments
16. McEwen, B.F., Chan, G.K.T., Zubrowski, B., Savoian, M.S.,
Sauer, M.T., and Yen, T.J. (2001). CENP-E is essential for reliableWe thank Dr. Richard Vallee (Columbia University) for providing anti-
bioriented spindle attachment, but chromosome alignment candynein antibodies; Dr. Tim Yen (Fox Chase Cancer Center) for anti-
be achieved via redundant mechanisms in mammalian cells.CENP-E antibodies; and Anne K. Warner for reading the manuscript.
Mol. Biol. Cell 12, 2776–2789.This project was supported by a National Institutes of Health grant
17. Chan, G.K.T., Jablonski, S.A., Sudakin, V., Hittle, J.C., and Yen,GM-32476 to Y.-L.W.
T.J. (1999). Human BUBR1 is a mitotic checkpoint kinase that
monitors CENP-E functions at kinetochores and binds theReceived: February 13, 2002
cyclosome/APC. J. Cell Biol. 146, 941–954.Revised: March 25, 2002
18. Abrieu, A., Kahana, J.A., Wood, K.W., and Cleveland, D.W.Accepted: March 27, 2002
(2000). CENP-E as an essential component of the mitotic check-Published: June 4, 2002
point in vitro. Cell 102, 817–826.
19. Howell, B.J., McEwen, B.F., Canman, J.C., Hoffmann, D.B., Far-References
rar, E.M., Rieder, C.L., and Salmon, E.D. (2001). Cytoplasmic
dynein/dynactin drives kinetochore protein transport to the
1. Schumacher, J.M., Golden, A., and Donovan, P.J. (1998). AIR-2:
spindle poles and has a role in mitotic spindle checkpoint inacti-
an Aurora/Ipl1-related protein kinase associated with chromo-
vation. J. Cell Biol. 155, 1159–1172.
somes and midbody microtubules is required for polar body
20. Sharp-Baker, H., and Chen, R.H. (2001). Spindle checkpoint
extrusion and cytokinesis in Caenorhabditis elegans embryos.
protein Bub1 is required of kinetochore localization of Mad1,
J. Cell Biol. 143, 1635–1646.
Mad2, Bub3, and CENP-E, independently of its kinase activity.
2. Kaitna, S., Mendoza, M., Jantsch-Plunger, V., and Glotzer, M. J. Cell Biol. 153, 1239–1249.
(2000). Incenp and an Aurora-like kinase form a complex essen- 21. Pfarr, C.M., Coue, M., Grissom, P.M., Hays, T.S., Porter, M.E.,
tial for chromosome segregation and efficient completion of and McIntosh, J.R. (1990). Cytoplasmic dynein is localized to
cytokinesis. Curr. Biol. 10, 1172–1181. kinetochores during mitosis. Nature 345, 263–265.
3. Severson, A.F., Hamill, D.R., Carter, L.C., Schumacher, J., and 22. Steuer, E.R., Wordeman, L., Schroer, T.A., and Sheets, M.P.
Bowerman, B. (2000). The aurora-related kinase AIR-2 recruits (1990). Localization of cytoplasmic dynein to mitotic spindles
ZEN-4/CeMKLP1 to the mitotic spindle at metaphase and is and kinetochores. Nature 345, 266–268.
required for cytokinesis. Curr. Biol. 10, 1162–1171. 23. O’Connell, C.B., and Wang, Y.L. (2000). Mammalian spindle ori-
4. Adams, R.R., Maiato, H., Earnshaw, W.C., and Carmena, M. entation and position respond to changes in cell shape in a
(2001). Essential roles of Drosophila inner centromere protein dynein dependent fashion. Mol. Biol. Cell 11, 1765–1774.
(INCENP) and aurora B in histone H3 phosphorylation, meta- 24. Yen, T.J., Compton, D.A., Wise, D., Zinkowski, R.P., Brinkley,
phase chromosome alignment, kinetocore disjunction, and B.R., Earnshaw, W.C., and Cleveland, D.W. (1991). CENP-E, a
chromosome segregation. J. Cell Biol. 153, 865–879. novel human centromere-associated protein required for pro-
5. Giet, R., and Glover, D.M. (2001). Drosophila Aurora B kinase gression from metaphase to anaphase. EMBO J. 10, 1245–1254.
is required for histone H3 phosphorylation and condensing re- 25. Yen, T.J., Li, G., Schaar, B.T., Szilak, I., and Cleveland, D.W.
cruitment during chromosome condensation and to organize (1992). CENP-E is a putative kinetochore motor that accumu-
the central spindle during cytokinesis. J. Cell Biol. 152, 669–681. lates just before mitosis. Nature 359, 536–539.
6. Murata-Hori, M., Tatsuka, M., and Wang, Y.L. (2002). Probing 26. Cooke, C.A., Schaar, B., Yen, T.J., and Earnshaw, W.C. (1997).
the dynamics and functions of aurora B kinase in living cells Localization of CENP-E in fibrous corona and outer plate of
during mitosis and cytokinesis. Mol. Biol. Cell 13, 1099–1108. mammalian kinetochores from prometaphase through ana-
7. Terada, Y., Tatsuka, M., Suzuki, F., Yasuda, Y., Fujita, S., and phase. Chromosoma 106, 446–455.
Otsu, M. (1998). AIM-1: a mammalian midbody-associated pro- 27. Yao, X., Anderson, K.L., and Cleveland, D.W. (1997). The micro-
tein required for cytokinesis. EMBO J. 17, 667–676. tubule-dependent motor centromere-associated protein E
8. Kawasaki, A., Matsumura, I., Miyagawa, J.-I., Ezoe, S., Tanaka, (CENP-E) is an integral component of kinetochore corona fibers
H., Terada, Y., Tatsuka, M., Machi, T., Miyazaki, H., Furukawa, that link centromeres to spindle microtubules. J. Cell Biol. 139,
Y., et al. (2001). Downregulation of an AIM-1 kinase couples 435–447.
with megakaryocytic polyploidization of human hematopoietic 28. King, J.M., Hays, T.S., and Nicklas, R.B. (2000). Dynein is a
cells. J. Cell Biol. 152, 275–287. transient kinetochore component whose binding is regulated by
9. Vaisberg, E., Koonce, M.P., and McIntosh, J.R. (1993). Cyto- microtubule attachment, not tension. J. Cell Biol. 151, 739–748.
plasmic dynein plays a role in mammalian mitotic spindle forma- 29. Rieder, C.L., and Salmon, E.D. (1998). The vertebrate cell kineto-
tion. J. Cell Biol. 123, 849–858. chore and its roles during mitosis. Trends Cell Biol. 8, 310–318.
10. Echeverri, C.J., Paschal, B.M., Vaughan, K.T., and Vallee, R.B. 30. Banks, J.D., and Heald, R. (2001). Dynein-out at the kinetochore.
(1996). Molecular characterization of the 50-kD subunit of dy- Curr. Biol. 11, R128–R131.
nactin reveals function for the complex in chromosome align- 31. Rieder, C.L., Davison, E.A., Jensen, L.C.W., Cassimeris, L., and
ment and spindle organization during mitosis. J. Cell Biol. 132, Salmon, E.D. (1986). Oscillatory movement of monooriented
617–633. chromosomes and their position relative to the spindle pole
11. Yao, X., Abrieu, A., Zheng, Y., Sullivan, K.F., and Cleveland, result from the ejection properties of the aster and half-spindle.
D.W. (2000). CENP-E forms a link between attachment of spindle J. Cell Biol. 103, 581–591.
microtubules to kinetochores and the mitotic checkpoint. Nat. 32. Khodjakov, A., and Rieder, C.L. (1996). Kinetochores moving
Cell Biol. 2, 484–491. away from their associated pole do not exert a significant push-
12. Wojcik, E., Basto, R., Serr, M., Scae¨rou, F., Karess, R., and ing force on the chromosome. J. Cell Biol. 135, 315–327.
33. Rieder, C.L., and Salmon, E.D. (1994). Motile kinetochores andHays, T. (2001). Kinetochore dynein: its dynamics and role in
Brief Communication
899
polar ejection forces dictate chromosome position on the verte-
brate mitotic spindle. J. Cell Biol. 124, 223–233.
34. Biggins, S., and Murray, A.W. (2001). The budding yeast protein
kinase Ipl1/Aurora allows the absence of tension to activate the
spindle checkpoint. Genes Dev. 15, 3118–3129.
35. Wheatley, S.P., Hinchcliffe, E.H., Glotzer, M., Hyman, A.A.,
Sluder, G., and Wang, Y.L. (1997). CDK1 inactivation regulates
anaphase spindle dynamnics and cytokinesis in vivo. J. Cell
Biol. 138, 385–393.
36. Wheatley, S.P., O’Connell, C.B., and Wang, Y.L. (1998). Inhibi-
tion of chromosomal separation provides insights into cleavage
furrow stimulation in cultured epithelial cells. Mol. Biol. Cell 9,
2173–2184.
37. Wheatley, S.P., and Wang, Y.L. (1996). Midzone microtubule
bundles are continuously required for cytokinesis in cultured
epithelial cells. J. Cell Biol. 135, 981–989.
